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M€uller glia fused with adult stem cells undergo neural
differentiation in human retinal models
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Background Visual impairments are a critical medical hurdle to be addressed in modern society. M€uller glia (MG)
have regenerative potential in the retina in lower vertebrates, but not in mammals. However, in mice, in vivo cell
fusion between MG and adult stem cells forms hybrids that can partially regenerate ablated neurons.

Methods We used organotypic cultures of human retina and preparations of dissociated cells to test the hypothesis
that cell fusion between human MG and adult stem cells can induce neuronal regeneration in human systems.
Moreover, we established a microinjection system for transplanting human retinal organoids to demonstrate hybrid
differentiation.

Findings We first found that cell fusion occurs between MG and adult stem cells, in organotypic cultures of human
retina as well as in cell cultures. Next, we showed that the resulting hybrids can differentiate and acquire a proto-neu-
ral electrophysiology profile when the Wnt/beta-catenin pathway is activated in the adult stem cells prior fusion.
Finally, we demonstrated the engraftment and differentiation of these hybrids into human retinal organoids.

InterpretationWe show fusion between human MG and adult stem cells, and demonstrate that the resulting hybrid
cells can differentiate towards neural fate in human model systems. Our results suggest that cell fusion-mediated
therapy is a potential regenerative approach for treating human retinal dystrophies.
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Introduction
Correcting visual impairment resulting from retinal
injury or disease is an unmet medical need. The retina
is part of the central nervous system and in mammals
has very poor regenerative capacity. In contrast, the ret-
ina can regenerate efficiently in some cold blood
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Research in context

Evidence before this study

The retina is part of the central nervous system and can
be regenerated in some cold blood vertebrates where
M€uller glia have the capacity to enter the cell cycle in
response to damage. Therefore, strategies aiming to
awake this regenerative potential in humans represent
an attractive medical opportunity. Stem cell therapies
can be used to repair degenerating retina either via
their paracrine activity or via a regenerative effect, with
the final aim of rescuing or replacing the resident dam-
aged neurons. Previous studies in mice showed that
adult stem cells can fuse with resident M€uller glia and
the resulting hybrids exhibited regenerative potential
since they could differentiate in photoreceptors or gan-
glion cells.

Added value of this study

We demonstrated that human M€uller glia can fuse with
different types of human adult stem cells (mesenchymal
stem cells and hematopoietic stem and progenitor cells)
giving rise to hybrid cells. We showed that the cell
fusion efficiency is enhanced by inflammatory signals
and that the activation of the Wnt/beta-catenin path-
way increases differentiation of the hybrids into neuro-
nal-like cells, which in turn show electrophysiological
properties. Moreover, we observed that the hybrids can
engraft and differentiate in growing human retinal
organoids.

Implications of all the available evidence

These findings show that the hybrids between M€uller
glia and adult stem cells might be a promising stem
cell-mediated therapy for human retina regeneration
and could be used to treat visual impairment. Moreover,
these findings show that human M€uller glia retain
regenerative activity.
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vertebrates, such as salamanders and fish.1 In these ver-
tebrates, MG have the capacity to regenerate the retina
by expressing genes common to mitotic, late-stage reti-
nal progenitors2 and entering the cell cycle in response
to damage.3 Originally believed to serve only as support
cells, it is now well established that MG in mammals
retain intrinsic stem cell features.4

Stem cell transplantation has emerged as a poten-
tial therapy for treating retinal degenerations, provid-
ing beneficial functions in two, non-mutually
exclusive ways: i) cell regeneration and replacement,
and ii) a paracrine neuroprotective effect. Among the
different types of adult stem cells, mesenchymal
stem cells (MSCs) have demonstrated capacity for
both tissue regeneration and neuroprotection.5,6 Fur-
ther, compelling work has shown that MSCs can
adopt both neural and retinal fates.7-9 Hematopoietic
stem and progenitor cells (HSPCs) are another type
of stem cell used for cell-based therapies and regen-
erative approaches; they display an impressive plas-
ticity and can be mobilized in vivo from the bone
marrow to trans-differentiate or undergo cell fusion
with target cells, thereby generating cells of different
lineages.10-13 For instance, mouse HSPCs can
migrate into the liver, kidney, heart or retina, and,
once on-site, contribute to the regeneration of those
tissues.14-18

Regeneration mediated by the transplantation of
stem cells can be enhanced by the activation of the
Wnt/beta-catenin signaling pathway, which in vivo
results in cellular reprogramming.19 Over the past few
years, we have shown the potential therapeutic use of
cell fusion-derived hybrids in models of retinal disease,
indicating that cell fusion contributes to the regenera-
tion of retinal neurons.18,20-23 Further, we showed that
after HSPCs are intravitreally transplanted into a variety
of retinal-injury models, they fuse with mouse MG
(mMG) to generate reprogrammed hybrids.21,22 Impor-
tantly, fusion of the transplanted cells occurs only in the
context of tissue damage. Moreover, the hybrids survive
and proliferate only when the transplanted HSPCs had
been pre-treated with an activator of the Wnt/beta-cate-
nin pathway. Indeed, this signalling pathway enhances
the reprogramming of the HSPCs/mMG-derived
hybrids, which proliferate and differentiate into func-
tional ganglion cells, amacrine cells or
photoreceptors.21,22

Finally an important aspect of cell therapy is the
observation that stem cells transplanted into the vitre-
ous chamber of the eye migrate toward the site of retinal
damage.21 We recently identified secreted retinal che-
mokines and, subsequently, defined chemokine-recep-
tor interactions, which can be exploited to optimize
stem cell-mediated therapeutic strategies.24

On the basis of these data, we hypothesized that
fusion-mediated regeneration using adult stem cells
could be a treatment for human retinal dystrophies. In
the work reported here, we have identified and studied
cell fusion events between human MSCs (hMSC) or
human HSPCs and human MG in cell culture as well
as in retinal organotypic cultures. We found that cell
fusion efficiency was increased by inflammatory signals
and hybrids undergoing Wnt-dependent activation lose
features of MG and transform into neuronal-like cells
that display electrophysiological features characteristic
of neurons. Finally, when hybrids are injected into
human retinal organoids, which constitute an ex vivo
model of retinogenesis,25 they engraft and differentiate
toward a ganglion cell fate. Overall, these results dem-
onstrate the possibility of using cell fusion-mediated
reprogramming of MG in the human retina as a poten-
tial therapeutic approach to treating visual impair-
ments.
www.thelancet.com Vol 77 Month March, 2022
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Methods

Cell lines and tissue culture
ARPE19 cells were purchased from ATCC (RRID:
CVCL 0145, ATCC.CRL-2302TM, Virginia, USA) and
maintained in DMEM/F-12-GlutaMax (GibcoTM, Mas-
sachusetts, USA) supplemented with 10% fetal
bovine serum (FBS) (Thermo Fisher Scientific, Mas-
sachusetts, USA), penicillin (100 U/ml) and strepto-
mycin (100 mg/ml) (Thermo Fisher Scientific). CD34
+hHSPC were isolated from blood donations from
human cord not older than 26 h. CD34+hHSPC cells
were isolated by aspirating the dense interphase of
the LymphoPrep (Stem Cell Technologies, Vancou-
ver, Canada) solution and with a posterior CD34+
MicroBead Kit UltraPure human column selection
(MACS Miltenyi Biotec, NRW, Germany), following
manufacturer’s instructions. Cells were counted and
cryopreserved at one million cells per milliliter in
StemSpanTM SFEM (Stem Cell Technologies, Van-
couver) supplemented with hIL3 0.02 mg/ml at 1 ml/
ml (PeproTech, London, UK), hIL6 0.02 mg/ml at 1
ml/ml (PeproTech), hSCF 0.1 mg/ml at 1 ml/ml
(PeproTech), hTPO 0.1 mg/ml at 1 ml/ml (Pepro-
Tech), hFlt3 ligand 0.1 mg/ml at 1 ml/ml (PeproTech)
in 10% DMSO. For CD34+hHSPC cell infection
prior to cell fusion, cells were cultured in suspension
at a concentration of one million cells per milliliter
in StemSpanTM SFEM (Stem Cell Technologies)
supplemented with hIL3 0.02 mg/ml at 3 ml/ml
(PeproTech), hSCF 0.1 mg/ml at 3 ml/ml (Pepro-
Tech), hTPO 0.1 mg/ml at 3 ml/ml (PeproTech), hFlt3
ligand 0.1 mg/ml at 3 ml/ml (PeproTech). Adipose-
derived hMSCs (AD-hMSCs) were a kind gift from
Dr. M.J. Hoogduijn (Rotterdam Transplant Group,
Department of Internal Medicine, Netherlands). AD-
hMSCs were isolated from subcutaneous adipose tis-
sue from kidney donation. Tissues were collected
after explicit written informed consent and approval
of the Medical Ethical Committee of the Erasmus
University Medical Center Rotterdam (protocol no.
MEC-2006-190). AD-hMSCs were maintained in cul-
ture in alpha-MEM without ribonucleases (GibcoTM)
supplemented with 15% FBS (Thermo Fisher Scien-
tific), 100 ml of 50 ng/ml of human fibroblast growth
factor hFGF2 (PeproTech), penicillin (100 U/ml) and
streptomycin (100 mg/ml) (Thermo Fisher Scien-
tific). HEK 293 cells for lentiviral production were
maintained with DMEM supplemented with 10%
FBS (Thermo Fisher Scientific), penicillin (100 U/
ml) and streptomycin (100 mg/ml) (Thermo Fisher
Scientific). MGs were maintained in 75 cm2 cell cul-
ture flask in DMEM/F-12-GlutaMax (GibcoTM) sup-
plemented with 10% FBS (Thermo Fisher Scientific),
penicillin (100 U/ml) and streptomycin (100 mg/ml)
(Thermo Fisher Scientific) and the medium was
changed every two days.
www.thelancet.com Vol 77 Month March, 2022
Human retina organotypic cultures
Eyes were donated through a collaboration with “Banc
d’Ulls per a Tractaments de Ceguesa” (BUTC). Eyes
were from two different origins: from donors classified
as non-suitable for cornea transplantation or from eye
cups whose cornea was dissected for transplantation
and the eye cup was stored at 4°C for less than 48 h to
delay retinal autolysis. Explicit, written informed con-
sent for the removal and use of the eyes for diagnostic
and research purposes was obtained from patients and/
or relatives. The samples received were from donors
between 40 and 98 years old. Before retina extraction,
the eye was decontaminated by submerging it in BSS
(sterile irrigation solution, Alcon, Geneva, Switzerland)
for 2 min. Afterwards the globe was submerged in 5%
povidone-iodine for 2 min, followed by submersion in
sterile sodium thiosulphate 0.1% for 1 min. Lastly, the
globe was cleaned by submersion in PBS for 1 min. Ret-
ina dissection was performed according to the set-up
procedure optimized in our laboratory in collaboration
with “Centre d’Oftalmologia Barraquer”. Specifically,
the globe was placed in a custom-built holder that gen-
erates vacuum, providing sufficient internal pressure
for an appropriate dissection. The anterior segment of
the globe (cornea, iris and crystalline) was removed by
making an incision 6 mm away from the iris. This
opens a window on the globe, exposing its internal part
and making accessible the retina attached to the retinal
pigmented-epithelium.26 Vitreal excess was removed by
sponge absorption and the retina was separated
mechanically from the RPE with the help of two forceps.
The eye globe was then removed from the holder and
placed upside-down in a sterile petri dish. In this posi-
tion, the retina junction with the optic nerve was
exposed and could be cut, releasing the retina from the
optic cup. Vitreal leftovers and the retina periphery
were removed. The central part of the retina was divided
in four pieces and every piece was cultured directly into
6 multi-well plates, with the ganglion cell layer facing
up, using neurobasal-A medium supplemented with
2% B-27 supplement (50X) (Thermo Fisher Scientific),
1% N2 supplement (Thermo Fisher Scientific), 1% Glu-
taMax (Thermo Fisher Scientific), penicillin (100 U/ml)
and streptomycin (100 mg/ml) (Thermo Fisher Scien-
tific).
Human retina organoid differentiation from hPSC
Human Embryonic Stem Cells (hESCs) (Ese014-A,
Spanish Stem Cell Bank ISCIII, SAMEA7778668 Bio-
Samples) were routinely grown in mTeSR1 medium
(Stem Cell Technologies) on Matrigel coated plates
(Corning, New York, USA) following manufacturer rec-
ommendations. hPSC-derived retinal organoids were
generated based on a previously described methodology
with some modifications 1,2. Briefly, hPSCs were seeded
on Matrigel (Corning) coated plates at 50.000 cells/cm2
3
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in mTeSR1 medium (day -4). On day 0, when hPSCs
cultures reached 80-90% confluency, the medium was
changed to pro-neural medium consisting of DMEM/F-
12-GlutaMax (GibcoTM) supplemented with 1% of N-2
supplement (100X) (Thermo Fisher Scientific), 2% B-
27 minus vitamin A supplement (50X) (Thermo Fisher
Scientific), 1% MEM NEAA (100X) (GibcoTM), penicillin
(100 U/ml) and streptomycin (100 mg/ml) (Thermo
Fisher Scientific). From day 0 to day 1, the medium was
also supplemented with 2% Matrigel. Under these con-
ditions, hPSCs were left to differentiate in 2D mono-
layer cultures for 16 days, with daily media changes. On
day 16, the culture medium was changed to retinal dif-
ferentiation medium composed of DMEM/F-12 (3:1)
supplemented with 2% B-27 minus vitamin A supple-
ment (50X) (Thermo Fisher Scientific), 1% MEM NEAA
(100X) (GibcoTM), b-mercaptoethanol (50 µM) (Thermo
Fisher Scientific), Glutamax (Thermo Fisher Scientific),
penicillin (100 U/ml) and streptomycin (100 mg/ml)
(Thermo Fisher Scientific). The culture medium was
also supplemented with 10 ng/mL of FGF2 (Miltenyi
Biotec, RNW, Germany) from day 16 to day 22 of differ-
entiation. From day 16, media changes were performed
every other day. On day 25, optic vesicle-like structures
were visually identified and mechanically isolated and
cultured as floating structures. From day 25, the retinal
differentiation medium was additionally supplemented
with 5% FBS (Thermo Fisher Scientific), 100 mM tau-
rine (Merck Life Science, New Jersey, USA), and 1:1000
chemically defined lipid supplement (Thermo Fisher
Scientific). From this stage onward, the neuroretina
start to differentiate generating different neuronal
types. From day 25, the medium was changed 3 times a
week. Retinal organoids from day 30 onwards were
used for micro-injection experiments.
Human retina damage, collection of conditioned
medium and cell co-culture experiments
Retinas were cultured up to seven days in Neurobasal-A
medium (GibcoTM) supplemented with 2% B-27 supple-
ment (50 £) (Thermo Fisher Scientific), 1% N2 supple-
ment (Thermo Fisher Scientific) and 1% Glutamax
(Thermo Fisher Scientific). Retinas were cultured in
2.5 ml, and the medium was replaced every two days.
Conditioned medium enriched in secreted factors from
the retina was collected at day 1 (as “natural” control
condition) and at day 7 of culturing (as “natural” dam-
age condition). Cell co-culture fusion experiments were
done by culturing adult stem cells, either AD-hMSC
H2B::mRFP or CD34+hHSPC H2B::mRFP. CD34
+hHSPC cells were infected with pHIV-H2B::mRFP for
two consecutive days before the co-culture. Human reti-
nas were extracted from the eye globes and, after dissec-
tion, were placed in culture for one day. At day one, the
medium was replaced and retina were infected with
AAV2/ShH10Y445-pRLBP_eGFP. The medium was
changed every two days until day 5. In the new medium,
the retinas were placed with the ganglion cell layer fac-
ing up, and 500,000 adult stem cells expressing H2B::
mRFP and resuspended in 50 ml were cultured on top
of the retina. After one overnight co-culture, retinas
were harvested for further experiments, including
FACS and immunohistochemistry.
Western blotting
Cells were cultured until 85% confluency, harvested and
washed once with PBS. The wash was done after pellet-
ing cells at 300 rcf for 5 min at room temperature. Cell
lysis was performed on ice for 15 min, in RIPA buffer
(SIGMA, Missouri, USA) containing protease (SIGMA)
and phosphatase inhibitors (SIGMA). The insoluble
material was pelleted at 16,000 rcf for 30 min at 4°C.
Protein concentrations were determined by Bradford
assay (BIO-RAD, California, USA). The protein extract
was mixed with 4 £ sample buffer (40% glycerol,
240 mM Tris/HCL, pH 6.8, 8% SDS, 0.04% bromo-
phenol blue, 5% beta-mercaptoethanol), denatured at
99°C for 10 min, and briefly centrifuged. The samples
were separated by SDS-PAGE on a 10% gel and then
transferred to a polyvinylidene difluoride membrane
(BIO-RAD). The membranes were blocked with 5%
non-fat dry milk (SIGMA) in TBS-Tween 20 (0.1%)
(SIGMA) for 60 min and then incubated overnight with
primary antibodies in TBS-T with 5% nonfat dry milk,
at 4°C. The membranes were then washed three times
with TBS-T for 10 min each, incubated with HRP-conju-
gated secondary antibody (1:2000, Amersham Bioscien-
ces NA931V, Amersham, UK) in TBS-T with 5% non-fat
dry milk for 60 min, and finally washed three times
(10 min each) with TBS-T. The immunoreactive pro-
teins were detected using Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific), and final images
were taken with Amersham Imager 600.
RNA extraction and quantitative real-time PCR (qRT-
PCR)
The cells were cultured until 85% confluency, harvested,
and washed once with PBS. The wash was done by pel-
leting down the cells at 300 rcf for 5 min at room tem-
perature. The RNA was isolated using RNeasy Mini kit
(QIAGEN, Hilden, Germany), according to the manu-
facturer's protocol. The RNA was then reverse tran-
scribed to cDNA with SuperScript III CellsDirect cDNA
Synthesis Kit (Thermo Fisher Scientific). qRT-PCR reac-
tions were performed using Platinum SYBR green
qPCix-UDG (Thermo Fisher Scientific) in a LyghtCycler
480 machine (Roche, Basel, Switzerland), according to
the manufacturer’s recommendations. The oligonucleo-
tides used are listed in Table S1. The data obtained by
qRT-PCR were normalized to GAPDH expression. Each
www.thelancet.com Vol 77 Month March, 2022
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sample was performed in technical triplicates. A mini-
mum of three independent experiments were averaged.
Lentiviral constructs and MSC/CD34+hHSPC/MG
infection
The lentiviral construct pHIV-H2B::mRFP was pur-
chased from Addgene (#18982). For the pRLBP_eGFP
plasmid, the pRLBP human gene promoter was
obtained by reverse transcribing human ARPE19 RNA
using SuperScript III CellsDirect cDNA Synthesis Kit
(Thermo Fisher Scientific) and then amplified by PCR
(using the Phusion hot start high fidelity polymerase,
Thermo Fisher Scientific). An eGFP reporter was also
extracted by PCR from the pH2B-eGFP plasmid (Addg-
ene #11680) using the Phusion hot start high fidelity
polymerase (Thermo Fisher Scientific). SgrAI/AgeI
were added to the pRLBP sequence and SgraI/SalI were
added to the eGFP obtained by PCR. Both sequences
were subcloned into a lentiviral vector with a p1494
backbone giving the final plasmid. For the TUJ1_CRIM-
SON_Hygro, a similar procedure was followed. Due to
the rich GC-content of the TUJ1 promoter region, the
TUJ1 promoter was synthetized by the GeneArt com-
pany (Thermo Fisher Scientific). The pEF.myc.ER-E2-
CRIMSON plasmid was purchased from Addgene
(#38770). An SV40_Hygro with its expression driven by
a constitutive SV40 promoter, was PCR extracted from
a previously generated plasmid (EF1a_HA-Cxcr6-
SV40_Hygro). The same restriction enzyme strategy
was followed, adding by PCR AgeI/SgrAI, SgrAI/NheI
and NheI/SalI to the enumerated fragments. The three
fragments were then sub-cloned into a lentiviral vector
with a p1494 backbone. pCMV-DR8.2 dvpr (Addgene
#8455) and pCMV-VSV-G (Addgene #8454) were used
as lentiviral packaging constructs. The oligonucleotides
used for the above mentioned fragments are listed in
Table S2. Lentiviral production was performed follow-
ing the RNA interference consortium’s (TRC) instruc-
tions for lentiviral particle production (http://www.
broadinstitute.org/rnai/public/). HEK 293 cells were
plated at a known density of 5 £ 104 cells per cm2 in
p150 plates at day 0. At day 1, the cells were co-trans-
fected with: (A) 19.5 mg pCMV-DR8.2; (B) 10.5 mg
pCMV-VSV-G; and (C) 30 mg of the corresponding plas-
mid construct (H2B::mRFP, pRLBP1_eGFP or TUJ1_-
CRIMSON_SV40_Hygro) using a calcium phosphate
transfection kit (Clontech, California, USA). At day 2,
the medium was replaced with fresh DMEM supple-
mented with 30% FBS (Thermo Fisher Scientific) and
1% penicillin (100 U/ml) and streptomycin (100 mg/
ml) (Thermo Fisher Scientific). The medium was har-
vested at day 3 and 4 for the viral collection. The viral
particles were filtered, ultracentrifuged and aliquoted in
batches of 20 microliters for subsequent infection. MGs
infected with pRLBP_eGFP and either AD-hMSC or
CD34+hHSPC infected with H2B::mRFP were FACS-
www.thelancet.com Vol 77 Month March, 2022
sorted on the basis of their fluorescent intensity. The
pRLBP_eGFP-positive MG cells were then re-infected
with TUJ1_CRIMSON_SV40_Hygro and selected by
hygromycin resistance (50 mg/ml) starting two days
after infection.
Adeno-associated constructs and human retina
infection
The labelling of human retina was done through adeno-
associated viral infection. Adeno-associated viruses were
manufactured by Unitat de Vectors Virals. First, tro-
pism and M€uller glia specificity infection experiments
were performed using AAV2/8-CMV-GFP. More specif-
ically, M€uller glia infective viruses were prepared by
modifying the capsid and introducing the generated
pRLBP_eGFP construct. The ShH10Y445 capsid plas-
mid was a kind donation from J. Wijnhold.27 Unitat de
Vectors Virals28 generated the final adeno-associated
virus AAV2/ ShH10Y445-pRLBP_eGFP. Human reti-
nas were infected with 5 £ 1010 viral particles. The
virus and the medium were replaced daily for 4 days
before running the co-culture fusion experiments.
Immunofluorescence and antibodies
Human retinas were washed in PBS for 5 min and fixed
by immersion in 4% Paraformaldehyde (PFA) overnight
at 4°C. For organoid and retinal sections, serial transver-
sal sections of 5-mm thickness were prepared and proc-
essed for immunofluorescence. Briefly, sections were
left at 60°C overnight to melt the paraffin, after which
they were totally deparaffinized by sequential de-hydra-
tion treatment, first with Xylene and then with decreas-
ing ethanol concentrations to re-hydrate the samples.
Slices were then placed in a plastic coplin jar with a per-
meabilization buffer (0.3% Triton X-100 and 0.1 M
NaCitrate in PBS) for 1 h at room temperature. Subse-
quently, the antigen was retrieved by boiling the slices
for 4 min in a microwave. After three washes with PBS
(for 10 min each), the sections were blocked for 1 h in
blocking buffer (3% BSA, 300 mM glycine, 0.03% Tri-
ton X-100, 0.01 M NaCitrate in PBS) and then incu-
bated twice overnight at 4°C with the primary
antibodies diluted 1:2 in blocking buffer. The sections
were washed again the following day and then incu-
bated with secondary antibodies and DAPI (5 mg/ml)
for 2 h at room temperature. Three more washes of
15 min each were done before mounting the samples
with VectaShield with DAPI (Vector Laboratories, Cali-
fornia, USA).

For retinal-piece flat mount, fixed retinas were per-
meabilized (0.3% Triton X-100 in PBS, 1.5 h at room
temperature) and blocked for 1 h at room temperature
(3% BSA, 300 mM glycine, 0.03% Triton X-100, in
PBS), followed by two overnight incubations with the
primary antibodies at 4°C. Retinas were then washed
5
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3 times with PBS for 15 min each and incubated over-
night at 4°C with the secondary antibodies and DAPI (5
mg/ml). Subsequently, the sections were mounted with
VectaShield with DAPI (Vector Laboratories).

Following flat mount imaging, retina pieces were
embedded in paraffin for section re-staining as
described above.

Cells plated in 8 multi-well chambers (Lab-Tek
Chambered #1.0 Borosilicate Coverglass System) or on
a cover glass of 22 mm (VWR, Borosilicate glass 631 �
1089) were immunostained as follows. The cells were
washed in PBS for 5 min and fixed by immersion in 4%
PFA for 15 min. Directly afterwards, the cells were per-
meabilized with permeabilization buffer (0.3% Triton
X-100 and 0.1 M NaCitrate, in PBS) for 15 min, washed
three times for 5 min each, and blocked with blocking
buffer for 45 min (3% BSA, 300 mM glycine, 0.03% Tri-
ton X-100, 0.01 M NaCitrate, in PBS). The samples
were then incubated for 3 h with the primary antibodies
diluted 1:2 in blocking buffer. After three washes, of
15 min each, the samples were incubated with the sec-
ondary antibodies and DAPI (5 mg/ml) for 1 h one at
room temperature. Next, they were washed three more
times for 15 min each and then mounted with Vecta-
Shield with DAPI (Vector Laboratories).

The following antibodies were used: chicken anti-
GFP (1:500; ab13970, Abcam, Cambridge, UK); mouse
anti-bIII-tubulin (1:200; ab7751, Abcam); rabbit anti-
RFP (1:250; ab62341, Abcam); mouse anti-cralbp
(1:200; ab15051, Abcam); rabbit anti-GS (1:200; G2781,
SIGMA); mouse anti-TUJ1 (1:200; MAB1637, Millipore,
Massachusetts, USA); rabbit anti-Pax6 (1:200; ab5790,
Abcam); mouse anti-GFAP (1:200; MAB360, Millipore);
mouse anti-Sox9 (1:200; MA5-17177; Thermo Fisher Sci-
entific); mouse anti-rhodopsin (1:200; MAB5356, Milli-
pore); mouse anti-calretinin (1:200; MAB1568, Abcam);
rabbit anti-dsRed (1:200, 632496, Takara, Kyoto, Japan)
and rabbit anti-IBA1 (1:200; 019-19741, Fujifilm, Ohio,
USA). All secondary antibodies were from Molecular
Probes (Thermo Fisher Scientific) and diluted 1:1000 in
PBS. The secondary antibodies used were: alexa-fluorࣨ

488 goat anti-chicken (1:1000, A32731), alexa-fluorTM

488 goat anti-mouse (1:1000, A32723), alexa-fluorTM

568 goat anti-rabbit (1:1000, A-11011), and alexa fluorTM

647 goat anti-mouse (1:1000, A32728). DAPI (5 mg/ml)
was used to stain for cell nuclei. For all samples, images
were taken using either Leica laser SP5 or SP8 confocal
microscopy systems.
Immuno-TUNEL assay and frozen tissue sections
Human retina divided in pieces were washed in PBS for
5 min and fixed by immersion in 4% PFA overnight, at
4°C. Three washes with PBS of 20 min each were done
immediately after, to later proceed to the cryoprotection
by immersing the samples in rising concentrations of
sucrose: 15% sucrose for 30 min, 20% sucrose for 1 h,
and 30% sucrose overnight at 4°C. Samples were then
embedded in OCT and cryo-sectioned in sections of 10-
12 mm. For the immuno-TUNEL staining, immunos-
taining was performed with primary antibodies as
described previously, then after the primary incubation,
the TUNEL staining was carried out. TUNEL staining
was performed following manufacturer’s instructions
(In Situ Cell Death Detection Kit, TMR Red, Merck).
Briefly, human retinas chopped in pieces, already per-
meabilized and blocked from the immunostaining,
were incubated with the TUNEL reaction mixture at 37°
C in a humidified chamber, for 1.5 h. Directly after-
wards, they were incubated with the secondary antibod-
ies and DAPI (5 mg/ml) for the final immunostaining
step. Lastly, samples were mounted with VectaShield
with DAPI (Vector Laboratories). Images were taken
using the Leica laser SP8 confocal microscopy system.
Flow cytometry analysis
For hybrid identification, flow cytometry of human reti-
nas chopped in pieces and co-cultured with adult stem
cells was based on the protocol described in section 2.4.
Retinas chopped in pieces were disaggregated mechani-
cally and chemically with 0.05% Trypsin-EDTA (1X)
(GibcoTM) for 20 minutes, filtered through a 70-mm fil-
ter, pelleted, and resuspended in 1 ml PBS supple-
mented with 2% FBS (Thermo Fisher Scientific) and
DAPI (5 mg/ml) before analysis. Cell fusion events
were detected by first excluding the dead DAPI+ cells
and the double GFP and RFP cells, as detailed before.
Flow cytometry analysis was performed using LSR For-
tessa (Becton Dickinson, New Jersey, USA) with FACS-
Diva software (Becton Disckinson) and FlowJo software.
FACS sorting analysis
Cell fusion was performed as described in the section
2.14 . In this case, a more refined selection was done, to
obtain a cleaner population of sorted hybrids, for subse-
quent experiments. The entire population of fused cells
was incubated with HOESCHT 33342 (Thermo Fisher
Scientific) at 37°C for 45 min to determine the DNA
content of the cells. The cells were then pelleted down
and resuspended in PBS with To-ProTM-3 Iodide
(Thermo Fisher Scientific) to determine cell viability.
Before sorting, the cells were filtered with a 70-mm fil-
ter. Double GFP+RFP+ cells, 4n cells, and higher ploidy
cells were sorted for subsequent experiments. Cell sort-
ing was performed using a BD Influx sorting machine
(Becton Dickinson) and analyzed with the FlowJo soft-
ware.
Time-lapse imaging
FACS-sorted hybrids were plated on Time-Lapse poly-
ornitine/laminin coated Thermo Scientific Nunc Lab-
Tek chambered coverglass. After 3 h, when the cells
www.thelancet.com Vol 77 Month March, 2022
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were attached to the plate, they were treated with the dif-
ferentiation medium: 20 ng/ml human fibroblast
growth factor hFGF2 (PeproTech) and 50 mM Notch
inhibitor DAPT (SIGMA)29 or control conditions
(DMSO and PBS). Images of the process were acquired
on Andor Revolution XD inverted Olympus microscope.
The images of the cells were taken up to 24 h, in an
incubator chamber at 37°C and 5% CO2.
Co-culture and cell fusion
Co-culture and cell fusion experiments were adapted
from previous work in our laboratory.30 To mimic dam-
age conditions, human ARPE19 cells were grown in
monolayer. In parallel, MGs pRLBP_eGFP and hMSC
H2B::mRFP were cultured to 75�80% confluency. At
day 1 of fusion, the ARPE19 monolayer was exposed to
either 1 mM NMDA damage or PBS control. At day 0,
cells were separately detached and co-cultured in sus-
pension for 45 min, in a volume of 200 microliters, in a
1:1 ratio, with a maximum of 500,000 cells per cell
fusion partner. Cells were then plated in a T75 cell cul-
ture flask (Corning) and left in culture overnight. On
day 1, hybrids were detached and prepared for FACS
cell sorting and for the following experiments.
In vitro patch clamp
Cells to patch (MGs or GFP+RFP+ 4n hybrids) were
placed in a recording chamber in a Olympus BX51WI
microscope. Electrophysiological recordings were
acquired at 20kHz with Multiclamp 700B (Axon Instru-
ments) and were digitized at 16 bits (Axon 1550B Digi-
data, Molecular Devices). Patch pipettes of borosilicate
glass were pulled (Sutter P-97) and filled with internal
solution for whole-cell somatic current clamp record-
ings (135 mM KMeSO4, 10 mM KCl, 10 mM HEPES,
5 mM NaCl, 2.5 mM ATP-Mg, 0.3 mM GTP-Na). The
intracellular solution was adjusted to pH 7.2 and dis-
played osmolarity values in the interval 285�295
mOsm. Pipette resistance ranged between 5�7 MV,
pipette capacitance ranged from 7 to 7.5 pF and series
resistance ranged between 10-40 MV. The electrophysi-
ological properties of the patched cells were obtained in
current-clamp configuration by applying a sequence of
hyperpolarizing and depolarizing current pulses and
were analyzed with Clampfit 9.
In vitro live cell calcium imaging
The intracellular calcium (Ca2+) oscillations were stud-
ied using Fluo4-AM (Thermo Fisher Scientific). The
cells were incubated with Fluo4-AM 2 µM for 5 minutes
in DMEM media (GibcoTM), at room temperature. After
incubation, the excess Fluo4-AM was removed by
replacing the DMEM media. After incubation, the wells
were mounted on a Leica SP5 STED microscope. The
recordings were made at 37°C and 5% CO2. Fluo4-AM
www.thelancet.com Vol 77 Month March, 2022
(Thermo Fisher Scientific) was excited at 488 nm and
its fluorescence emission was collected at 525 nm using
a 40x oil immersion objective. The images were sam-
pled at a rate of 1 Hz for 2 minutes both for basal activity
and after ATP bath application (10 µM). The images
were stored as image stacks containing time-lapse
images and analyzed using a custom Matlab script. The
fluorescence traces were extracted from manually seg-
mented regions of interest corresponding to cell bodies
and were presented as relative changes in fluorescence
(DF/F). Calcium fluctuations were measured by in house
developed code kindly provided by Dr. Gertrudis Perea
and Dr. Julio Esparza.31
Human retina organoid micro-injection and imaging
Human retina organoids were detached from the cell
culture dish by dissecting with a needle. The organoids
were then transferred to a microinjection dish into M2
medium (SIGMA) drops covered with NidOilTM (Nida-
con, Gothenburg, Sweden) and were micro-injected
with GFP+RFP+ 4n hybrids by holding them with a
holding pipette and micro-injecting with a manufac-
tured sharpened injecting pipette of 70 mm. The orga-
noids were micro-injected with 20-25 cells per injection.
Once injected, each single organoid was mounted in a
bed of low melting agarose base and confined in a capil-
lary for the mesoscopy imaging. Once set, the imaging
chamber was loaded with DMEM/F-12-GlutaMax (Gib-
coTM) without phenol red, supplemented with 1% N-2
supplement (100X) (Thermo Fisher Scientific), 1% B-27
supplement (50X) (Thermo Fisher Scientific), 1% MEM
NEAA (100X) (GibcoTM), penicillin (100U/ml) and
streptomycin (100 mg/ml) (Thermo Fisher Scientific)
and imaged for 12 h at 5% CO2 and 37 °C. Images were
taken with MuViSPIM microscope (LuXendo). The
organoids were also fixed, sectioned, and immunos-
tained as described before.
Image processing and quantification
All immunofluorescence images were processed with
the FiJi ImageJ software. The quantifications were
based on the analysis of at least three biological repli-
cates. For each sample analyzed, at least three random
fields were analyzed. The quantification of the cells
labelled positive (TUNEL+ or marker specific+) was per-
formed manually with the cell counter tool.

The GFP decrease of the sorted 4n hybrids
pRLBP_eGFP+/H2B::mRFP was calculated using a
code developed in house. The decrease of GFP values
was expressed as percentage of decrease, normalized to
the initial GFP value for every single cell analyzed, §
SEM.

The projection length of the hybrids was quantified
by identifying the cells and defining their cytoplasmic
edge to skeletonize them using a pipeline implemented
7
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in the CellProfiler software.26 The cell nucleus detection
was done by setting the threshold of Minimum Cross_-
Entropy and the edge by Sobel filter. Subsequently, we
applied the Watershed_Gradient method to define the
cell. Once the cell was defined, we obtained a single-
pixel-wide skeleton using the Morphological_Skeleton
module. Then we calculated the shortest path between
the two most distal vertexes using the FiJi Image soft-
ware with the plugin analyze skeleton (2D/3D).32,33
Reagents validation
hMG cells were primary isolated and characterized as
exposed in the manuscript. AD-hMSC was a kind gift
from Dr. M.J. Hoogduijn. This primary cell line was val-
idated in previous publications.34 ARPE19 cells were
purchased from a leading company and were previously
validated. Additionally, all the cultured cells were rou-
tinely inspected, accounting for their morphology and
doubling time. All the antibodies were purchased from
leading companies and have a specific labeling or
molecular weight according to the data sheet provided
by the vendors.
Statistical analysis
As specified in the figure legends, the data are presented
as mean § SEM or scattered points (with line at
median). All statistical tests and graphs were generated
using the Prism 6.0 software (GraphPad, San Diego,
CA). The FACS analysis of the hybrids was defined by
odd ratio, indicating that an event happens after a treat-
ment (co-culture or not co-culture) and not by chance.
Odd ratios follow the formula below. If OR � 1, then the
identified events are due to the treatment conditions.

Outcome
Yes
 No
Treatment
 Yes
 A
 B
No
 C
 D
OR ¼ ðAxDÞ=ðBxCÞ
Different statistical analyses were run depending on

the experimental setup, including the Mann�Whitney
test, the two-tailed Student’s t-test, the one-way ANOVA
Dunnett’s post-hoc test and the two-way ANOVA
Tukey’s post-hoc test. In all cases, a P-value < 0.05 was
considered significant (*, P <0.05; **, P <0.01; ***, P
<0.001; ****, P <0.0001; ns = not significant).
Ethics
Retinal organotypic experiments and hMG experiments
were performed after explicit, written informed consent
for the removal and use of the eyes for diagnostic and
research purposes was obtained from patients and/or
relatives. CD34+hHSPC were isolated from human
cord blood donations under “Parc de Salut Mar � Clini-
cal Research Ethics Committee” approval with number
2016/6950/I
Role of funding source
This study was supported by different funding agencies.
We acknowledge and thank the support received from
all of them in the Funding section. The funders were
not involved neither in the study design, data collection,
interpretation and analysis of the data nor in the writing
of the manuscript.
Results

The structural integrity of human retina is preserved
for few days in organotypic cultures
To investigate whether hMSCs can fuse with MG in an
intact retina, we first examined how long a human ret-
ina can be preserved in an organotypic culture. Briefly,
around 48h after death of the donors, retinas were dis-
sected using modifications to a previously published
method35, and each retina was divided into four pieces
and cultured for 1, 3, 5, or 7 days, respectively. Hematox-
ylin and eosin (H&E) staining revealed a progressive
loss of structural integrity, which was more severe in
the periphery than in central retina and most obvious at
days 5 and 7 (Figure S1a). We then quantified cell death
in central retinas over the 7 days of culture using the ter-
minal deoxynucleotidyl transferase dUTP nick end-
labeling (TUNEL) assay, which identifies apoptotic cells
(Figure 1a, red). In the same sections, we also labeled
MG by immunostaining for the MG marker, cellular
retinaldehyde�binding protein (CRALBP) (Figure 1a,
green). Qualitative inspection of TUNEL+ cells showed
increasing cell death over the seven days, consistent
with the loss of tissue architecture. Quantitatively, and
in agreement with the degrading retinal architecture,
there was a significant increase in the normalized num-
ber of TUNEL+ cells at 5 and 7 days (Figure 1a and b).
Finally, to quantify the death of MG, we calculated the
percentage of double-positive cells, i.e., CRALBP+
TUNEL+, versus the total number of CRALBP+ MG.
This showed a significant, and progressive increase in
the number of dying MG at days 5 and 7 (Figure 1a and
1b). Considering these results, in the subsequent cell-
fusion experiments we decided to use cultures up to a
maximum of five days.
Cell-to-cell fusion between MG and adult stem cells
occurs in human retinal organotypic cultures
In mice, transplanted bone marrow�derived stem cells
can fuse with mMG in vivo.21 To determine if similar
cell-to-cell fusion can occur in human retinas, MG
within the explanted retinas and AD-hMSCs were
www.thelancet.com Vol 77 Month March, 2022



Figure 1. Identification of cell fusion between AD-hMSC and MG in a human degenerating retina organotypic culture. (a) TUNEL
assay combined with immunostaining against CRALBP to specifically label MG in human organotypic cultures up to 7 days of cultur-
ing. TUNEL+ cells are shown in red; CRALBP+ cells, in green; DAPI-stained cell nuclei, in blue. d1, day 1; d3, day 3; d5, day 5; d7, day
7. (b) Significant increase of cell death was observed from day 5 onwards. The percentage of TUNEL+ (blue) and TUNEL+ CRALBP+
cells (green) is plotted. Data are presented as individual values, mean § standard error mean (SEM) from n = 3 independent experi-
ments, from 3 independent donors (quantifying 3 random fields per time point and experiment). **P < 0.01; ****P < 0.0001
(Unpaired t-test). (c) Experimental scheme of cell fusion experiments after co-culturing AD-hMSCs expressing H2B::mRFP (AD-
hMSCRFP) on top of AAV2/ShH10YpRLBP_eGFP infected retina. The procedure was carried out during the first 5 days of organotypic
cultures. (d and f) Representative FACS plots to identify fusion events between human retina cells infected with AAV2/ShH10Y-
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initially transfected with fluorescent reporter constructs.
Adeno-associated viruses (AAV) can efficiently infect
neurons in human retinas.36,37 To label MG in human
retinas, we used the ShH10Y modification in the AAV
capsid, as it has been shown to increase specificity for
infecting MG cells.27 We engineered the AAV2 capsid
to express the ShH10Y modification and cloned eGFP
under the control of the MG-specific promoter for reti-
naldehyde binding protein (pRLBP). The ability of
AAV2/ShH10Y-pRLBP_eGFP to selectively infect MG
was confirmed by immunostaining the infected cells,
MGAAV-GFP, in which immunostaining for GFP colocal-
ized with immunostaining for CRALBP (Figure S1b).
As expected, the nuclei of AAV-GFP+ cells were in the
Inner Nuclear Layer (INL), and GFP+ processes
extended across the retinal layers. We then further vali-
dated the GFP expression by flow cytometry. Analyzing
retinas infected with AAV2/ShH10Y pRLBP1_eGFP by
Spectra view FACS showed that infected human retinas,
but not control retinas, contained GFP+ cells (Figure
S1c). In parallel, AD-hMSC were transduced with a len-
tivirus vector carrying the histone H2B tagged with the
monomeric red fluorescence protein (mRFP) (termed
AD-hMSCH2B::mRFP) (Figure S1d).

We then tested the ability of AD-hMSCs to fuse with
MG in the organotypic cultures (Figure 1c). First, the
retina was divided in four equal parts and cultured. The
following day (day 1) three parts of the retina were
infected with AAV2/ShH10Y-pRLBP_eGFP and one
served as uninfected control. Two days after infection
(day 3), retinas were washed and cultured with fresh
medium. On day 4, AD-hMSCH2B::mRFP were co-cul-
tured with the retinas containing infected MGAAV-GFP.
After overnight co-culture (day 5), the samples were dis-
aggregated and analyzed by FACS. We found GFP+RFP
+ hybrids in the MGAAV-GFP infected retinas co-cultured
with AD-hMSCH2B::mRFP (Figure 1d). Although a clearly
defined population of GFP+RFP+ cells was evident, the
control retinas also gave rise to a small population of
GFP+RFP+ cells (Figure 1f), likely due to autofluores-
cence of apoptotic cells present in the retinas. To verify
that the GFP+RFP+ hybrid cells were the results of cell
fusion, we performed an odds ratio (OR) analysis.38 In
brief, OR is a measure of the association between an
experimental condition (co-culture of AAV2/
ShH10YpRLBP_eGFP infected retina with AD-
hMSCH2B:mRFP) and the outcome phenotype (the
pRLBP_eGFP and AD-hMSCH2B::mRFP cells. (d) retina organotypic cul
GFP+RFP+ cells, A’: percentage of GFP+ cells; B: percentage of total
+RFP+ cells; C’: percentage of GFP+ cells; D: percentage of total ce
hybrids identified by FACS analysis using the formula: OR = (A*D)/(B
presented as individual values, with mean § SEM from n = 3 indep
taining of retinal whole mount after organotypic culture using ant
Hybrids were identified in retinas infected with AAV2/ShH10Y
bar = 100 mm.
presence of GFP+RFP+ hybrids); OR>1 indicates an
increased occurrence of the outcome following a given
exposure (Figure 1e). The results showed that OR values
from both GFP+ and GFP+RFP+ hybrids were higher
than 1 (with values of 2.67 and 4.08, respectively), indi-
cating that these populations were obtained through the
experimental conditions and confirming the presence
of a population of GFP+RFP+ hybrids. In addition, the
AAV2/ShH10Y-pRLBP_eGFP�infected retinas (GFP+)
co-cultured with AD-hMSCH2B:mRFP (RFP+) were
immunostained with antibodies against GFP, RFP and
CRALBP. At day 5, the presence of hybrids from the
fusion of MGAAV-GFP with AD-hMSCH2B::mRFP was con-
firmed by colocalization of all three markers (GFP+RFP
+CRALBP+) in whole mount preparations (Figure 1g).
Cell-to-cell fusion in vitro is enhanced by pro-
inflammatory signals but is independent of Wnt
Having identified hybrids in the organotypic cultures,
we next sought to study their phenotype and differentia-
tion potential in a separate in vitro system. We purified
MG from human retinas by slightly modifying a previ-
ously published protocol.39 To confirm the efficient
purification of MG, we transduced the isolated cells
with a lentivirus vector carrying eGFP under the MG-
specific promoter pRLBP and also expressing two
nuclear localization signals (2 £ NLS) (Figure S2a). We
then sorted the GFP+ cells and analyzed the expression
of the glial markers, GLUTAMINE SYNTHASE (GS)
and CRALBP, as well as of the neural-progenitor
marker, PAX6, by both immunostaining (Figure S2b)
and Western blot (WB) analysis (Figure S2c). WB analy-
sis was carried out with samples obtained at three differ-
ent passages of the MGGFP cells. The human adult
retinal pigmented-epithelium cell line, hARPE 19, was
used in parallel, as a negative control for the expression
of GS and PAX6 and as a positive control for CRALBP.
WB analysis showed the expression of GS, CRALBP
and PAX6 in MGGFP (Figure S2c). In addition, GFP co-
localized with GLIAL FIBRILLARY ACIDIC PROTEIN
(GFAP), which labels astrocytes, another type of glial
cells. In contrast, GFP did not co-localize with makers
for non-glial cells, such as the IONIZED CALCIUM
BINDING ADAPTOR MOLECULE 1 (IBA1), which
labels microglia, the ganglion cell marker CALRETI-
NIN, or the rod photoreceptor marker RHODOPSIN
ture infected with AAV2/ShH10Y-pRLBP_eGFP. A: percentage of
cells. (f) control retina organotypic culture; C: percentage of GFP
lls. (e) Odds ratio (OR) calculation of GFP+ cells and GFP+RFP+
*C) & (A’*D)/(B*C’) in infected (d) and control retinas (f). Data are
endent experiments from 3 independent donors. (g) Immunos-
ibodies against GFP (green), RFP (red), and CRALBP (magenta).
-pRLBP_eGFP and co-cultured with AD-hMSCsH2B::RFP. Scale
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(Figure S2d). These results confirmed the efficient isola-
tion of MG cells.

We previously showed an increase in the efficiency
of cell fusion�mediated reprogramming in mouse reti-
nas upon activation of the Wnt/beta-catenin pathway in
the HSPCs prior to transplantation.21,22 We therefore
activated the Wnt/beta-catenin pathway in AD-hMSCs
using Chiron, a specific inhibitor of GSK3,40 which trig-
gers a downstream cascade of events resulting in the
upregulation of several transcription factors, including
AXIN2 and SOX9.41 We evaluated the expression levels
of these transcription factors by quantitative real-time
PCR (q-PCR) after treating AD-hMSCs with three differ-
ent concentrations of Chiron (1, 3 and 6 mM). We
observed increased RNA expression of AXIN2 and
SOX9 at 6 mM Chiron treatment, which suggested the
activation of the Wnt/beta-catenin pathway at this drug
concentration (Figure S2e). Notably, Chiron activation
did not result in any change in cellular morphology
(Figure S2f). Additionally, we analyzed the AD-hMSCs
to ensure that the Chiron treatment did not affect their
phenotype. MSCs must present the surface markers
CD90, CD73 and CD105, but not CD34 and CD45.42,43

Indeed, AD-hMSCs expressed CD90, CD73 and CD105
surface markers in both control and Chiron-treated
cells. As expected, neither CD34 nor CD45 were
expressed (Figure S2g).

In mice, cell fusion is promoted by NMDA-mediated
tissue injury and the consequent inflammatory
response.21,22 Therefore, we determined whether
NMDA treatment of hARPE-19 cells could induce a pro-
inflammatory response.44,45 After 24 h of NMDA treat-
ment, the expression level of the pro-inflammatory fac-
tor IL1B and the excitotoxic marker FOXP3 were both
increased (Figure S3a), with no morphological changes
in the cells (Figure S3b). In contrast, the senescence-
associated gene SIRT1 was not significantly increased.
We also treated hARPE19 cells with H2O2, a strong pro-
inflammatory treatment, and observed very high cell
death along with high upregulation of SIRT1, IL1B and
FOXP3 (Figure S3c-d). Previous reports showed that a
severe damage could be counterproductive for its effects
on reprograming and regeneration.46 Therefore, for all
the subsequent experiments, we used NMDA, which
does not cause severe inflammation.

We next studied cell-to-cell fusion between isolated
MGGFP and AD-hMSCH2B::mRFP. In addition, since we
previously demonstrated cell fusion of mMG with bone
marrow-derived HSPCs in mice,21,22 we also tested the
fusion with human bone marrow�derived CD34+
hHSPCs. For this purpose, we generated CD34+
hHSPC H2B::mRFP cells upon transduction with a lentivi-
rus vector carrying the histone H2B tagged with mRFP
(Figure S3e) and then tested their fusion with MGGFP.

The conditioned medium harvested from NMDA-
treated or PBS-treated hARPE19 (herein named
NMDA-RPE medium and PBS-RPE medium,
www.thelancet.com Vol 77 Month March, 2022
respectively) was used to co-culture MGGFP with either
AD-hMSCH2B:mRFP or CD34+ hHSPCH2B::mRFP. We
also used Chiron to activate the Wnt/beta-catenin path-
way in AD-hMSCH2B:mRFP (Figure 2a). After co-culture,
the GFP+RFP+ 4n hybrids were purified by FACS. Fur-
thermore, we analyzed the DNA content using
HOECHST 33342 as an additional selection method,
since the hybrids were expected to be 4n (Figure 2b).
Indeed, after cell fusion, 4n hybrids can be isolated as
previously shown in mice.20,21,22,47 FACS analyses
showed, relative to the PBS-RPE control, that the
NMDA-RPE media significantly increased the percent-
age of GFP+RFP+ 4n hybrids (Figure 2c-2e), indicating
that pro-inflammatory signals enhanced the efficiency
of cell fusion. Next, we asked whether we could observe
comparable changes in the efficiency of cell fusion by
substituting the NMDA-RPE and PBS-RPE media with
media collected from the organotypic cultures, at day 1
and day 7 (D1, D7), respectively. We infer that at D7,
pro-inflammatory signals released by the cultured retina
are stronger than at D1.48,49 Indeed, cell fusion was
greater when cells were cultured in the presence of the
D7-medium compared to the D1-medium (Figure 2f-
2h). Thus, the natural pro-inflammatory state of the ret-
ina is also capable of enhancing the efficiency of cell
fusion.

We then activated the Wnt/beta-catenin in AD-
hMSCH2B:mRFP by treating the cells with Chiron. As
indicated above, we observed an increase in cell fusion
when the cells were cultured in the presence of NMDA-
RPE or in the D7-medium (Figure 2e and 2h). Chiron
treatment did not produce significant changes neither
for the cells cultured in PBS-RPE or the D1-medium,
nor for those grown in NMDA-RPE or the D7-medium
(Figure S3f and S3g). Taken together, we concluded that
the efficiency of cell fusion was enhanced only by the
pro-inflammatory signals and not by the Wnt/beta-cate-
nin pathway activation.

Finally, we found a significant increase in GFP+RFP
+ 4n hybrids when we evaluated the fusion of CD34
+hHSPCH2B::mRFP with MGGFP cultured in the presence
of the NMDA-RPE medium as compared to PBS-RPE
(Figure S3h). The percentage of hybrids was comparable
when either CD34+hHSPC H2B::mRFP or AD-hMSCH2B:

mRFP were co-cultured with MGGFP in the NMDA-RPE
medium (Figure S3i).
GFP+RFP+ 4n hybrids can differentiate towards a
neuronal-like phenotype
Previous data from our laboratory showed that in the
mouse retina, the activation of the Wnt/beta-catenin
pathway in transplanted stem cells induces increased
reprogramming of the hybrids, which in turn can differ-
entiate into retinal neurons.21,22 Thus, we tested
whether GFP+RFP+ 4n hybrids differentiate toward a
neuronal lineage upon Chiron-dependent activation of
11



Figure 2. Cell fusion efficiency between hMSCs and MG is enhanced by pro-inflammatory signals, but not by the Chiron-mediated
Wnt/beta-catenin pathway activation. (a) Scheme of the fusion protocol for in vitro fusion assessment using NMDA- (as a damage,
light red) or PBS- (as a control; light green) conditioned media. The fusion of MGGFP with AD-hMSCsRFP is performed using Chiron-
activated AD-hMSCs (AD-hMSC Chir) or control cells (AD-hMSC DMSO). (b) Scheme showing the cell-sorting strategy to identify GFP
+RFP+ 4n hybrids by FACS analysis. Light yellow window, GFP+RFP+ 4n are sorted for subsequent analyses. (c and d) Representative
FACS plots of sorted hybrids cultured in PBS-RPE medium (c) or in NMDA-RPE medium (d). The GFP+RFP+ population was gated
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the Wnt/beta-catenin pathway in the AD-hMSCH2B:

mRFP cells. Consistent with this, we also tested whether
MGGFP-specific genes were silenced, as evidenced by
diminished GFP expression driven by the pRLBP pro-
moter. We first cultured GFP+RFP+ 4n hybrids gener-
ated after fusion of AD-hMSCH2B:mRFP with MGGFP,
using NMDA-RPE media supplemented with 20 ng/ml
human fibroblast growth factor 2 (hFGF2) and 50 mM
of a NOTCH inhibitor (DAPT), to induce ganglion cell
differentiation29 (Figure 3a). Interestingly, we observed
a neural-like phenotype only when they had been cul-
tured in differentiation medium and the AD-hMSCH2B:

mRFP cells used in the fusion experiments were treated
with Chiron. They displayed an elongated soma and
processes, which resemble podocyte-like structures and
thin, axon-like projections (Figure 3b, lower row, and
Supplementary video 1). In contrast, when cultured in
differentiation medium, the hybrids generated with
AD-hMSCH2B:mRFP without Chiron-treatment displayed
aberrant podocyte-like structures as well as a significant
soma expansion, suggesting that in the absence of Wnt/
beta-catenin activation, if they were forced to differenti-
ate, they likely did it aberrantly (Figure 3b, upper row,
and Supplementary video 2). GFP+RFP+ 4n hybrids
exposed to non-differentiation conditions did not show
any major morphological change (Figure 3c and Supple-
mentary video 3 and 4). We then quantitatively deter-
mined the length of the projections of GFP+RFP+ 4n
hybrids. We observed a neural-like phenotype and
extended projections only in the hybrids cultured in dif-
ferentiation medium obtained after fusion of AD-
hMSCH2B:mRFP cells treated with Chiron (Figure 3d and
supplementary videos 5-8).

Next, we quantified GFP fluorescence intensity over
time in the hybrids generated with AD-hMSCH2B:mRFP

with or without Chiron-treatment and cultured in differ-
entiation or non-differentiation conditions (Figure 3e
and 3f). GFP silencing can be considered a proxy for
MG identity-loss following fusion. Fluorescence inten-
sity was normalized to the initial fluorescence of each
cell imaged at 1 h after the start of the time course, set
as 100% of GFP intensity. All hybrids cultured in the
differentiation media showed a significant decrease of
GFP intensity, which dropped to 40% at 24 h
(Figure 3e). Hybrids cultured in the non-differentiation
media showed no significant decrease of GFP intensity,
although in those formed with AD-hMSCH2B:mRFP
from the total population. Hybrids with 4n or higher ploidy (orange
fication of GFP+RFP+ 4n hybrids from PBS-RPE or NMDA-RPE med
pathway activation of the AD-hMSC). Data are presented as individ
*P < 0.05; **P < 0.01 (One-way ANOVA Dunnett’s multiple compari
D1 (natural control) medium (f) or D7 (natural damage) medium (g)
(h) FACS data quantification of GFP+RFP+ 4n hybrids obtained with
enin pathway activation of the AD-hMSC. Data are presented as in
ments.
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without Chiron and cultured in NMDA-RPE medium,
GFP expression was downregulated (Figure 3f).

Under differentiation conditions, a decrease in GFP
intensity was evident by 4 h when AD-hMSC were sub-
jected to Chiron-mediated activation of the Wnt/beta-
catenin pathway; when instead the Wnt/beta-catenin
pathway was not activated, GFP levels were significantly
decreased only at 12 h (Figure 3e). The rapid decrease in
GFP intensity induced by Chiron treatment of the AD-
hMSC suggests that the activation of the Wnt/beta-cate-
nin pathway accelerates the loss of MG identity.
In vitro differentiated hybrids show
electrophysiological characteristics of maturing
neurons
When cultured in differentiation conditions, the GFP
+RFP+ 4n hybrids generated after fusion of AD-
hMSCH2B:mRFP with MGGFP using NMDA-RPE media
showed a ganglion cell�like phenotype (Figure 3b and
d and supplementary videos 1 and 5). To determine if
the observed morphological differentiation also resulted
in neuronal-like electrophysiological properties, we
used whole-cell patch clamp techniques to characterize
the electrophysiological response of GFP+RFP+ 4n
hybrids cultured for two days under differentiation or
non-differentiation treatment (Figure S4a). We mea-
sured the resting membrane potential, which is defined
as the electrical potential difference across the mem-
brane, and the membrane resistance, which is depen-
dent on the number of open ion channels in the
membrane50. FACS-sorted MG, differentiated for two
days, were used as treatment control, and MG not sub-
jected to FACS sorting, cultured in differentiation
medium, were used as the patch clamp technical con-
trol. We observed that the FACS procedure itself sensi-
tized the cells, both the hybrids and MG controls
(Figures 3g and 3h). We characterized all the differenti-
ated hybrids and their respective non-differentiated con-
trols (Figure S4b). Only the hybrids - obtained from the
fusion of AD-hMSC treated with Chiron and cultured in
NMDA-RPE medium - displayed a resting membrane
potential upon differentiation comparable to differenti-
ated neurons (Figure 3g). Indeed, upon Wnt activation
of the AD-hMSCs used for the cell fusion, the obtained
hybrids showed a significantly lower resting membrane
potential, as low as -45mV, compared with both the
squares) were gated from GFP+RFP+ cells. (e) FACS data quanti-
ia (either with or without Chiron-dependent Wnt/beta-catenin
ual values, mean § SEM from n � 5 independent experiments.
son). (f and g) Representative FACS plots of sorted hybrids using
gating the GFP+RFP+ with 4n or higher ploidy (orange squares).
D1 or D7 media, with or without Chiron-mediated Wnt/beta-cat-
dividual values, mean § SEM from n � 2 independent experi-
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Figure 3. GFP+RFP+ 4n hybrids can differentiate toward a neural-like lineage and show electrophysiological properties. (a) Experi-
mental scheme showing GFP+RFP+ 4n hybrids differentiation into a neural-like phenotype when cultured in the presence of hFGF2
and the NOTCH inhibitor (DAPT) for 24h (Differentiation) and the lack of differentiation when using DMSO as control (No differentia-
tion). (b and c) Representative snapshots of time lapse imaging of GFP+RFP+ 4n hybrids resulting from the fusion of MGGFP with
AD-hMSCRFP, generated in the presence of NMDA-RPE medium, with or without Chiron-treatment of the AD-hMSC, and cultured in
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hybrids obtained from AD-hMSCs that were not Wnt/
beta-catenin activated and the FACS-sorted MG that
were and cultured in differentiation medium
(Figure 3g). The -45mV value is comparable to the gan-
glion cell resting membrane potential.51,52 In contrast,
the hybrids that had not been cultured in differentiation
medium, irrespective of the Wnt/beta-catenin pathway
activation in the AD-hMSCs, exhibited higher resting
potential as compared with the differentiated ones
(Figure S4b). However, the membrane resistance did
not significantly differ between groups (Figure 3h),
likely suggesting that the hybrids did not acquire
mature electrophysiological properties. In conclusion,
the electro-profile of the hybrids obtained from AD-
hMSC treated with Chiron and cultured in NMDA-RPE
medium suggests that these cells can initiate a differen-
tiation process toward a neuronal phenotype.53,54

To further characterize the hybrids obtained from
the fusion of AD-hMSCs treated with Chiron and cul-
tured in NMDA-RPE medium (Chiron GFP+RFP+ 4n
hybrids) we assessed their electrophysiological popula-
tion properties. To do so, we performed Fluo4-AM cal-
cium imaging of the FACS-sorted MG, as a control,
(supplementary video 9) and of the hybrids (supple-
mentary video 10) after two days of differentiation. We
measured the basal activity and their response to 10
micromolar ATP activation for 2 min (Figure 3i). While
basal activity was virtually inexistent in both FACS-
sorted MG and Chiron GFP+RFP+ 4n hybrids, both of
them responded to the ATP activation. Although they
showed different heat map profiles, the amplitude of
the signal was not significantly different between the
two cell types (Figure S4c), suggesting that both FACS-
sorted MG and the hybrids are able to intake ATP up to
a similar maximum amplitude. However, when we ana-
lyzed the average time of cell activation by measuring
the time that the imaged cells were active (with an
amplitude > 0,25), we found that the hybrids were sig-
nificantly more active over time, suggesting they could
differentiation (b) or non-differentiation (c) medium. GFP is express
bar = 50 mm. (d) Measurement of the projection length in hybrids g
or non-differentiation media. Data are presented as grouped values,
dent experiments. ns = non-significant; *P < 0.05 (One-way ANOVA
in GFP fluorescent intensity, measured in hybrids generated as desc
entiation (f) media. Data are presented as grouped values, mean §
*P< 0.05; **P < 0.01 (Two-way ANOVA Tukey’s multiple compari
hybrids generated as described in b and c, before and after FACS-
resistance measured in MG and in hybrids generated as described in
tiation medium. (g and h) Data are presented as grouped values, m
nificant; *P < 0.05; **P < 0.01; ***P < 0.001 (Two-way ANOVA Tuke
upper row) and hybrids obtained from AD-hMSC treated with Chir
(Chiron, lower row) in basal conditions (left column) or 10 micromol
ues from n � 10 cells. (j) ATP-intake response time of MG and hybri
presented as grouped values from n � 8. *P < 0.05 (Unpaired t-te
MG and hybrids (Chiron GFP+RFP+ 4n Hybrids), after ATP stimulatio
(Unpaired t-test with Welch’s correction).
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keep their channels open for longer (Figure 3j). More-
over, we investigated whether the channels were open
continuously or in spikes, by measuring the number of
spikes (activation of> 10 seconds)55 in a 2-minute imag-
ing. Interestingly, while FACS-sorted MG predomi-
nantly showed just one broad spike, the hybrids’
response was significantly different, since they could
intake ATP in multiple spikes (Figure 3k). These results
confirm the electrophysiological properties of the Chi-
ron GFP+RFP+ 4n hybrids upon neural differentiation.
Hybrid integration and differentiation can be observed
in maturing human retinal organoids
To investigate the potential of the hybrids to differenti-
ate toward a ganglion-like phenotype in vivo, we mod-
eled in vivo conditions by transplanting hybrids into
retinal organoids generated from hESCs. The differenti-
ation conditions we used promoted the formation of
islet-like structures comprising small spheres of neural
precursor cells in 2D cultures. From day 15 onwards, 3D
structures started to emerge, and from day 30 onwards
lamination of the cells was identified. Subsequently,
they self-organized into optic cup-like structures with
small invaginations (day 42) (Figure S4d). These results
agreed with previous reports.56 In order to identify the
optimal time for micro-injection, the organoids were
fixed, sectioned and immunostained for the ganglion
specific marker B-III TUBULIN (red) and the glial fam-
ily marker GS (green), at four different time points (day
35, 40, 45, and 50). After quantifying GS+ and B-III
TUBULIN+ cells, we observed comparable numbers of
GS+ cells at all time points analyzed, while the number
of B-III TUBULIN+ cells increased significantly by day
40 (Figure 4a-c). Moreover, at day 40 all B-III TUBU-
LIN+ cells were found in the inner part of the organoid
(yellow asterisk) (Figure 4a). Taken together, we con-
cluded that day 40 was the optimal time point to per-
form the micro-injection of the hybrids.
ed from the pRLBP of MGGFP, and RFP from AD-hMSCRFP. Scale
enerated as described in b and c, and cultured in differentiation
mean§ SEM from n� 4 independent cells from n� 2 indepen-
Tukey’s multiple comparison). (e and f) Percentage of decrease
ribed in b and c and cultured in differentiation (e) or non-differ-
SEM from n � 3 independent experiments. ns = non-significant;
son). (g) Resting membrane potential measured in MG and in
sorting, and cultured in differentiation medium. (h) Membrane
b and c, before and after FACS-sorting, and cultured in differen-
ean § SEM from n � 3 independent experiments. ns = non-sig-
y’s multiple comparison). (i) Heat map of FACS-sorted MG (MG,
on (Chiron GFP+RFP+ 4n Hybrids) generated as described in b
ar ATP activation (right column). Data is presented as single val-
ds (Chiron GFP+RFP+ 4n Hybrids), after ATP stimulation. Data is
st with Welch’s correction). (k) Number of ATP intake spikes for
n. Data is presented as grouped values from n � 8. **P < 0.01
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Figure 4. GFP+RFP+ 4n hybrids generated with Wnt/beta-catenin�activated AD-hMSCs can integrate within the human retinal
organoids and differentiate toward a neural fate. (a) Immunostaining using antibodies against B-III TUBULIN (red) or GS (green) in a
section of human retinal organoids. Representative image of organoid at day 40. Scale bar = 100 mm. (b and c) Quantification of MG
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We then engineered the MGGFP by introducing the
fluorescence protein CRIMSON, under the expression
of the neuronal specific promoter TUJ1, to generate
MG-pRLBP_eGFP_TUJ1_CRIMSON (herein, MGGFP/

CRIMSON). FACS analysis and quantification of MG GFP/

CRIMSON cultured in differentiation medium (20 ng/ml
hFGF2 and 50 mM DAPT), showed a minor increase of
CRIMSON expression at 24 and 48h of differentiation
(Figure S4e � S4g). Still, as proved by the patch clamp
experiment, MG cultured in differentiation medium do
not acquire neural electrophysiological features
(Figure 3g and 3h). We then generated the hybrids by
fusing MGGFP/CRIMSON with AD-hMSCH2B:mRFP treated
with Chiron or DMSO, and cultured the cells in
NMDA-RPE medium. Sorted hybrids were then differ-
entiated for 48 h and immunostained to assess their in
vitro differentiation. While MG in control conditions did
not appear differentiated, GFP+RFP+ 4n hybrids gener-
ated from Chiron-activated AD-hMSCH2B:mRFP showed
a decreased GFP signal in the cytoplasm and a corre-
sponding increased CRIMSON intensity co-localized
with B-III TUBULIN as shown in Figure 4d) and quan-
tified in Figure 4e, suggesting the differentiation of the
hybrids towards a neural fate.

Having established the differentiation potential and
electrophysiological properties of the hybrids in vitro,
we concluded that hybrids resultant from the fusion of
Chiron-treated AD-hMSCH2B:mRFP have the greatest
potential for neural-like differentiation. We then aimed
to inject these GFP+RFP+ 4n hybrids into the retinal
organoids to follow their differentiation, along with the
intrinsic ganglion cell development within the organoid.
We first established a new procedure, adapting an
embryo micro-injection technique for the organoids,
and, using this procedure, injected 20�25 GFP+RFP+
4n hybrids (MGGFP/CRIMSON fused with AD-hMSCH2B:

mRFP) into the retina. The injection was targeted to the
laminated part of the organoid, which was held with a
micro-pipette (Figure S4h and i). Based on the previous
observations, we hypothesized that the hybrids
(Glutamine synthetase, GS, green) (b) and ganglion cell (B-III TUBULI
in growing organoids from day 35 to day 50 of differentiation. Da
independent experiments (quantifying at least 3 random fields per
< 0.01 (One-way ANOVA Dunnett’s multiple comparison). (d and e)
(e) of MG and of hybrids (MGGFP/CRIMSON fused with AD-hMSCH2B:mR

hMSCH2B:mRFP treated or not with Chiron. Cells were cultured in diffe
MGGFP/CRIMSON and CRIMSON (red) from the TUJ1 promoter. The B
sented as individual values, mean § SEM from n � 3 hybrid cells. (f
tion of growing organoids micro-injected with hybrids generated as
with DMSO (g). Lower panels show a 3 £ zoom-in of the injected h
680. Zoomed images of the injected hybrids were split in the three
organoids microinjected with hybrids generated as described in e. R
with antibodies against GFP (encoded from pRLBP of MGGFP/CRIMSO

CRIMSON, in red) or the B-III TUBULIN neural marker (magenta). (i) Perc
determined by quantifying CRIMSON-positive cells (from TUJ1 exp
(encoded from pRLBP of the MGsGFP/CRIMSON). Data are presented as
tion. *P < 0.05 (One-way ANOVA Dunnett’s multiple comparison).
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generated in the presence of pro-inflammatory mole-
cules had a greater potential to integrate in the organo-
ids, lose the MG features and differentiate. We
therefore injected GFP+RFP+ 4n hybrids, generated
with AD-hMSCH2B:mRFP treated or not with Chiron and
cultured with NMDA-RPE medium (Figure 4f, g). Once
injected, the organoids were imaged for 12 h. Over time,
we observed a decrease of GFP intensity (from the
pRLBP promoter) in the hybrids generated with Chiron-
treated AD-hMSCH2B:mRFP and cultured in NMDA-RPE
medium, while the RFP signal (from the hMSCH2B:

mRFP) poorly diminished. Interestingly, from 8h to 12h,
we distinguished faint expression of CRIMSON only in
the hybrids formed by MGGFP/CRIMSON fused with Chi-
ron-treated AD-hMSCH2B:mRFP (CRIMSON expressed
from the TUJ1 promoter, white arrows) and cultured in
the NMDA-RPE medium (Figure 4f).

To confirm the differentiation potential of the
injected hybrids toward a ganglion phenotype, the
microinjected organoids were fixed and sectioned after
24 h and processed for immunostaining against GFP,
CRIMSON and the ganglion marker B-III TUBULIN
(Figure 4h). While the control hybrids (generated from
fusion of AD-hMSCH2B:mRFP treated with DMSO)
appeared as clumps in the injection point, the hybrids
generated from fusion of AD-hMSCH2B:mRFP treated
with Chiron were dispersed away from the injection site
and intermixed among the host cells, suggesting inte-
gration into the tissue. Additionally, they were clearly
differentiated, expressing a dim or almost inexistent
GFP signal (orange asterisk), while there was a clear
CRIMSON signal (red) colocalizing with the ganglion
cell marker b-III- TUBULIN (magenta) (Figure 4h,
lower row). The control hybrids showed spotty and a
dimmer, almost non-detectable CRIMSON (Figure 4h,
red, upper row) that co-localized with a bright GFP sig-
nal (green, orange asterisk) but did not co-localize with
the B-III TUBULIN signal (Figure 4h magenta, upper
row). The quantification of the hybrids displaying dim
GFP while positive for CRIMSON and B-III TUBULIN
N, B-III, red) (c) numbers normalized by the total DAPI (blue) cells
ta are presented as individual values, mean § SEM from n � 3
time point and experiment). ns = non-significant; *P < 0.05; **P
Representative immunostaining (d) and intensity quantification
FP) generated in the presence of NMDA-RPE medium, using AD-
rentiation medium. GFP (green) is expressed from the pRLBP of
-III TUBULIN neural marker is shown in magenta. Data are pre-
and g) Representative snapshot of live cell imaging max-projec-
described in e. AD-hMSCH2B:mRFP were treated with Chiron (f) or
ybrids. Cells on the organoid surface were labelled by VivoTrack
-color channels. (h) Immunostaining of human retinal growing
epresentative experimental images are shown. Immunostaining
N, in green), CRIMSON (encoded from TUJ1 promoter of MGGFP/

entage of differentiated hybrids showing a neuronal phenotype,
ression) that colocalized with B-III TUBULIN (magenta) and GFP
grouped values, mean § SEM from n � 3 organoids per condi-
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expression, which thus showed ganglion cell fate within
the growing organoids, demonstrated their significant
differentiation potential. Specifically, within the organo-
ids, we found a higher percentage of differentiated
hybrids when microinjecting the hybrids generated
with AD-hMSCH2B:mRFP treated with Chiron (57%) as
compared to the injection of the control hybrids (39%)
(Figure 4i).
Discussion
In this work, we found that MG can fuse with adult
stem cells in human retina ex vivo. By studying the
fusion process in vitro, we demonstrated that cell-fusion
efficiency increases when cells are exposed to molecules
secreted by injured cells. Moreover, hybrids generated
in the presence of the NMDA-RPE medium showed
enhanced ability to differentiate into neural-like cells.
Differentiation is faster and is increased when the Wnt/
beta-catenin pathway is activated in the adult stem cells
used for the fusion. Finally, we established an experi-
mental system to investigate hybrid viability within
growing retinal tissue using retinal organoids and a
micro-injection protocol for transplanting them. This
allowed us to assess that the hybrids present engraft-
ment and differentiation potential, which can be used
in the future for in vivo applications.

Cell fusion is recognized as a possible mechanism
contributing to tissue regeneration. In fact, even if rare,
cell fusion events have been consistently detected in
human tissues, including the liver, brain, and gastroin-
testinal tract, often in post-mortem analysis.57-59 In the
studies reported here, we identified cell-fusion events in
the human retina. In the experiments performed using
organotypic cultures, the physiological autolysis might
also have created an injury response, facilitating fusion.
Similarly, in many retinopathies, neuron degeneration
might create an environment that facilitates fusion of
transplanted cells.57-59

Our observations regarding the potential of hybrids
to undergo differentiation towards neural-like precur-
sors are in accordance with previously published data
on retinal progenitor cells that undergo differentiation
towards neural fate when cultured with bone mar-
row�derived medium enriched with different growth
factors. These culture conditions promote differentia-
tion of retinal progenitors into a neural lineage and offer
neural protection upon in vivo engraftment.5,60-62

Fusion of MSCs and MG is enhanced by the natural
damage occuring within an old organotypic retinal cul-
ture or by NMDA-mediated chemical damage. More-
over, this spontaneous cell fusion is independent of the
type of adult stem cells used. Interestingly, it has been
previously shown that co-transplantation of hMSCs and
human bone marrow�derived cells leads to an
increased regenerative effect, with engraftment result-
ing in more than a two-fold increase of chimerism as
compared to a single-cell type transplant.63 In a mouse
model of type 1 diabetes, homing of HSPCs to the pan-
creas increased when HSPCs were co-transplanted
intravenously with MSCs.64 It will be interesting to
determine whether in these co-transplantation experi-
ments, the enhanced regeneration also resulted from
fusion events.

MSCs were shown to have a supportive effect on the
HSPC cultures, via the release of HIF-1alpha.65 Consid-
ering the Wnt/beta-catenin role in enhancing reprog-
ramming, together with the previously described role of
YAP in controlling MG proliferation,66,67 we can postu-
late that a time-refined crosstalk in a pro-inflammatory
context could stimulate the regenerative capabilities of
dormant MG to favor retina regeneration. On the other
hand, these aspects are difficult to be studied in vitro,
since the autolytic changes in the experiments per-
formed with retinal explants might have altered the sig-
naling pathway activities.

In mice, previous studies demonstrated the potential
of the hybrids generated in vivo to be reprogrammed
and differentiate towards retinal ganglion cells, as well
as their ability to contribute to the optic nerve regenera-
tion and to photoreceptor regeneration, leading to a
functional rescue.21,22 Due to the limitations of our
human model systems, which did not allow us to isolate
enough hybrids to perform an exhaustive analysis, we
could not investigate whether the human hybrids were
reprogrammed upon Wnt-activation. However, simi-
larly to what was found in mice, we observed that the
human hybrids had lost MG identity and could differen-
tiate toward ganglion cell fates, exhibiting a neural-like
phenotype, including the polarization of the soma, the
formation of podocyte-like structures, and the acquisi-
tion of neuron-like electrical properties. However, the
membrane resistance values of the hybrids were not
comparable to neuronal ones, probably because expres-
sion of ion-channels, such as the voltage-gated Na+

channel, is still not present 24h after differentiation. As
such, no action potentials were observed upon the injec-
tion of depolarizing current pulses.68 ATP is known to
stimulate both ganglion cells69 and glial cells.70 Inter-
estingly, after ATP stimulation, we observed that the
hybrids, unlike MG, had neural-like electrical features,
which were sustained in time, and spike distribution of
intake, further confirming differentiation toward a neu-
ral phenotype. Increased differentiation might be
assessed in the future not only by analyzing the voltage
channels after ATP stimulation, but also by measuring
the response of Cannabinoid, P2 £ 7 or glycine
receptors.71,72

Even if we observed neural electrophysiological fea-
tures, the expression of the pan-neuronal marker TUJ1
together with the development of a stable resting mem-
brane potential and soma polarization suggest that the
differentiation towards a neuronal phenotype has initi-
ated, but is not yet completed after 48h. Glycosylation
www.thelancet.com Vol 77 Month March, 2022
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levels can change in the neural stem cells along with the
fate conversion, and glycosylation can prime the astro-
glia towards a ganglion cell fate.73 Thus, it will be inter-
esting in the future to study whether the glycosylation
modifications in the MG could promote even more the
differentiation process after fusion.

Lastly, we studied how hybrids differentiate in a liv-
ing tissue. Because retina organotypic cultures degener-
ate already after one week of culture, we decided to use
human retinal organoids.25,56,74 Interestingly, growing
organoids have been found to recapitulate human reti-
nal development and cellular organization.75 Addition-
ally, retinal organoids form functional synapses and
show light responses. When comparing retinal organoid
development with embryonic retinogenesis (between 7
and 20 weeks) at single-cell transcriptome level [48, 64-
66], negligible differences were found. These results
showed that “mature” organoids resemble human reti-
nae, and neural development within the organoids pro-
ceeds in accordance with a natural neurogenesis.76

Thus, organoids open a broad number of possibilities �
that could be combined with the newest technologies,
such as single-cell sequencing or single-cell multi-omics
� to, for example, study neural development and the
origin of visual disorders.77 We utilized growing organo-
ids as a host tissue for engrafting hybrids as a mean to
study the hybrids’ interactions within a living tissue and
their differentiation potential. We propose a new use for
human retinal organoids as a model for stem cell-based
retinal regeneration. For example, this will allow us to
also study the migration and integration of transplanted
cells after the adult stem cells are chemoattracted to the
tissue.24 Additionally, in a functional organoid, the elec-
trophysiology potential of differentiated cells could be
tested in an in vivo human model. This can be further
combined with new technologies, such as mesoscopic
microscopy for longer in vivo imaging, the CRISPR/
CAS9 technology to generate visual impaired organoids,
and the adaptation of cell-tracer techniques, including
brainbow.78,79 These methods would allow the human
retina interconnections and the differentiation of the
micro-injected hybrids to be studied, going one step fur-
ther in the investigation of human retinal regeneration.

Our approach to using hybrid-mediated regenerative
therapy as a future prospect for treatment goes hand-in-
hand with other approaches that focus on regenerating
the human retina using a number of different stem-cell
types. For instance, some studies have reported the pos-
sibility of developing in vitro differentiated retinal cell
types, such as the retinal ganglion cells or photorecep-
tors, for subsequent transplantation into the damaged
retina.80,81 Another approach is the use of scaffolds to
grow monolayers of differentiated cells, in order to
transplant the full retinal sheet, thereby ensuring
proper positioning of the cells in the eye
environment.82,83 Additionally, it is important to high-
light that although the stem cells that we use in this
www.thelancet.com Vol 77 Month March, 2022
study can engraft in the retinal tissue, most of them do
not fuse with resident cells. Previous studies demon-
strated that entosis is an alternative process, whereby
differentiated cells are engulfed by the stem cells, with-
out nuclear fusion.30 Thus, cell entosis could be an addi-
tional mechanism to eliminate those cells that cannot be
rescued.

Importantly, even if the adult stem cells will be trans-
planted into the subretinal or intravitreal space of
patients, this does not mean that they will be in close
contact with the damaged tissue. Hence, these stem
cells must be attracted to the damaged area in order to
heal it. Specific chemokines are over-expressed during
retinal damage and can attract MSCs. Following overex-
pression of the chemokine receptors Ccr5 and Cxcr6 in
mouse MSCs, improved cell migration and integration
into a damaged mouse retina were observed. The inte-
grated cells could trans-differentiate and enhance reti-
nal rescue.24 A similar approach should be considered
for human adult stem cell transplantation attempts in
order to enhance the regenerative process in patients.

Lastly, one of the most important points to investi-
gate about the hybrids is the possibility of ploidy reduc-
tion. After fusion, hybrids are tetraploid, which might
potentially lead to chromosomal instability and cancer
development.84,85 On the other hand, as we described
here, cell fusion and tetraploid hybrids can potentially
contribute to tissue rescue and regeneration. Hence, we
hypothesize that there might be tightly regulated ploidy
reduction to avoid chromosome mis-segregation and
cancer development. Previous work showed that tetra-
ploid hybrids that were injected into blastocysts can
undergo ploidy reduction upon tripolar mitosis, with
random and non-random chromosome segregation,
resulting in diploid cells that contributed to the adult tis-
sues in chimeric mice.47 Notably, in the case of the liver,
tetraploid hepatocytes can act as a genetic reservoir able
to undergo reductive mitosis in response to stress and
injury.86 Therefore, a similar mechanism might occur
also for the 4n retinal hybrids during retinal regenera-
tion.

In conclusion, our results indicate that the hybrids
between MG and adult stem cells might be a promising
stem cell�mediated therapy for human retina rescue
and, potentially, for its regeneration. However, much
work remains to be done to develop an efficient therapy
to treat visual impairment via cell fusion approaches.
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